Abstract Flexible BaTiO 3 films as dielectric materials for high energy density capacitors were deposited on polyethylene terephthalate (PET) substrates by r.f. magnetron sputtering. The growth behavior, microstructure and electrical properties of the flexible BaTiO 3 films were dependent on the sputtering pressure during sputtering. The RMS roughness and crystallite size of the BaTiO 3 increased with increasing sputtering pressure. All BaTiO 3 films had an amorphous structure, regardless of the sputtering pressures, due to the low PET substrate temperature. The composition of films showed an atomic ratio (Ba:Ti:O) of 0.9:1.1:3. The electrical properties of the BaTiO 3 films were affected by the microstructure and roughness. The BaTiO 3 films prepared at 100 mTorr exhibited a dielectric constant of ~80 at 1 kHz and a leakage current of 10
Introduction
Pulsed power systems and directed energy weapons, such as electromagnetic and electrothermal guns, require high energy density capacitors. The main limitation to improving capacitors in these systems by delivering more energy is the capacitance of the energy storage capacitor themselves. Dielectric materials play a key role in power capacitors for charge control and energy storage.
1-3)
Polymer dielectrics are currently the primary choice of materials for high energy density capacitors owing to their relatively high breakdown strength, low dielectric loss and low cost. The polymers in commercial power capacitors include polyethylene terephthalate(PET), polycarbonate(PC), polypropylene(PP), etc. [4] [5] [6] but the low dielectric constant(ε r~2 to 3) of polymer dielectrics limits their applications. On the other hand, ceramic capacitors have a much higher energy density than polymer film capacitors due to the high dielectric constant of ceramics. However, ceramic capacitors exhibit low breakdown strength due to microstructural defects, which results in a low energy density. 7, 8) The energy that can be stored in a capacitor depends on the relative dielectric constant and the square of the breakdown strength of the dielectric layer according to equation (1) 
where E is the energy stored per unit volume(J/m 3 ), ε o is the dielectric constant of a vacuum, ε r is relative dielectric constant of the dielectric film and E b is the breakdown strength(V/m). The energy density of a capacitor will increase if E b is kept constant and the ε r value is increased.
The aim of this study was to prepare a ceramic dielectric film for high energy density capacitors with the structure of a polymer film capacitor. In this study, barium titanate(BaTiO 3 ) films were deposited on an aluminum metallized PET substrate. BaTiO 3 has been evaluated extensively for electronic applications including MLCC, high energy capacitors and resistor.
9-11) Because of its relatively high dielectric constant(150~6,000), BaTiO 3 is considered a potential dielectric material for high energy density capacitor applications. 10) A range of techniques have been used to prepare BaTiO 3 thin films, including sputtering, 12) chemical vapor deposition, 13) pulsed laser deposition 14) and sol-gel techniques. 15) In this study, BaTiO 3 films were deposited on flexible PET substrates by r.f. magnetron sputtering for roll to roll process. The applicability of a BaTiO 3 /PET film to high energy density capacitors was evaluated by examining the effects of the sputtering pressure on the electrical properties.
Experimental procedure
The flexible BaTiO 3 films were deposited on PET substrates at room temperature by r.f. magnetron sputtering. A 2 inch diameter BaTiO 3 target(Cerac Inc.) was used. Deposition was performed at a fixed substrate to target distance of 60 mm. PET films, 4~10 µm in thickness, were used as main substrates and also BaTiO 3 films were deposited on Si wafer to examine the phase formation after annealing. The base pressure was < 1 × 10 −6 Torr and sputtering was carried out in an Ar atmosphere. The target was pre-sputtered for 30 min. before depositing the BaTiO 3 films to remove surface contamination and nonstoichiometry of the BaTiO 3 target. A r.f. power of 200 W was applied to the target, and BaTiO 3 films were deposited on PET and Al/PET substrates. BaTiO 3 films were prepared at different sputtering pressures(30 to 100 mTorr) as a sputtering parameter. The thickness of the BaTiO 3 films was controlled by the deposition time. The thickness and surface morphology of the flexible BaTiO 3 films were measured by field effect scanning electron microscopy(FESEM) and atomic force microscopy(AFM). The structural properties and chemical state of the BaTiO 3 films were examined by X-ray diffraction(XRD) and Xray photoelectron spectroscopy(XPS), respectively. To measure the electrical properties of the BaTiO 3 films, Al top electrodes, 100 nm in thickness and 0.1-1 mm in diameter, were deposited by dc sputtering, and capacitors with an Al/ BaTiO 3 /Al/PET structure were fabricated. The dielectric constant and dissipation factor were measured as a function of frequency using an impedance-gain phase analyzer. The current-voltage(I-V) measurements were performed using a picoammeter, and the polarizationelectric field(P-E) curves were measured using a ferroelectric test system. Fig. 1(c) shows images of the BaTiO 3 film deposited on PET. The BaTiO 3 film with a 910 nm thickness did not show any grain morphology. XRD showed the peak only for the PET substrate. This suggests that the BaTiO 3 film has a nano-crystalline or amorphous structure. The XRD patterns of (a) to (c) were re-plotted on same scale to compare the peak intensities of the samples. The intensity of the main peak for PET at 25.8 o decreased considerably with increasing the thickness of the coating layer, such as Al and BaTiO 3 . Fig. 2 shows XRD patterns of the BaTiO 3 films deposited at room temperature as a function of the sputtering pressures. The sputtering pressure was controlled by the argon gas flow rate used as the sputtering gas. BaTiO 3 films were deposited on two types of substrates, Si and PET, to compare the substrate dependence on film growth. The BaTiO 3 films deposited on a Si substrate in Fig. 2(a) did not show any crystalline peak. When the BaTiO 3 films deposited on Si were annealed at 600 o C, the films transformed to a crystalline phase. This result means that the composition of BaTiO 3 films deposited at room temperature is similar to that of target. Fig. 2(b) shows XRD patterns of the films deposited on PET. All XRD patterns of the BaTiO 3 films showed only an intense PET substrate peak at 25.8 o . All BaTiO 3 films showed an amorphous structure regardless of the sputtering pressure and substrates used due to the low substrate temperature. BaTiO 3 films deposited under 500 o C have been reported to be amorphous.
Results and discussion
12,16,17) Fig. 3(a) and (b) show SEM surface images of the BaTiO 3 films grown on PET substrates under 30 and 100 mTorr, respectively. The surface of all BaTiO 3 films deposited at pressures from 30 to 100 mTorr was relatively smooth without defects, such as cracks and pinholes due to deposition at low temperatures. All films showed a featureless morphology with a typical amorphous structure. Fig. 3(c) shows the deposition rate as a function of the sputtering pressure. The deposition rate of the films decreased with increasing sputtering pressure due to the decrease in mean free path. 18, 19) The deposition rate of the films deposited at 30 and 100 mTorr was 14.2 and 9.1 nm/min, respectively. The decrease in deposition rate with increasing pressure was attributed to collision scattering between the sputtered BaTiO 3 and Ar species in the chamber. Fig. 3(d) shows the surface RMS roughness of the films obtained by AFM as a function of the sputtering pressure. As shown in the AFM images in Fig.   4 , the RMS roughness of the films increased with increasing sputtering pressure. The BaTiO 3 films showed a RMS roughness of 0.6 to 10.6 nm at a pressure of 30 to 100 mTorr. This can be understood by the following mechanism. The energy of the particles decreased with increasing pressure because of the higher number of collisions.
20) The surface mobility of the particles decreased with decreasing energy, and the coalescence of the crystals was limited. Fig. 4 shows AFM images of BaTiO 3 films deposited on PET at different sputtering pressures. The surface roughness of the films increased with increasing sputtering pressure. A uniform and crack-free surface morphology was observed for all specimens investigated. On the other hand, the films deposited at 100 mTorr showed a very different morphology and large crystallites, which is in contrast to the films deposited at 30~70 mTorr. The increase in crystallite size can be explained by the relationship between the mean free path, λ(cm), and the sputtering pressure as follows:
21)
where T(K) is the temperature, P(Pa) is the pressure and δ m (cm) is the molecular diameter.
22)
From Eq. (2), the sputtered atoms undergo a large number of collisions when the sputtering pressure is high and have a higher probability of agglomeration. Therefore, the crystallite size can increase before arriving at the XPS provides information on the surface composition and chemical state. The monochromated Al kα line and a constant energy of 280 eV were used in the experiments. Fig. 5 shows the XPS spectra of the PET and BaTiO 3 films deposited on PET at 30 mTorr. All binding energies were calibrated using the binding energy of C1s (284.5 eV). In the wide scan of Fig. 5(a) , the PET substrate showed a C1s peak at 284.5 eV, which was assigned to the CH group, and an O1s peak at 531.7.1 eV, which is related to residual carbon contamination. The BaTiO 3 film deposited on PET also showed C1s and O1s peaks in addition to Ba and Ti peaks. The carbon on this specimen was removed almost completely by 2 keV Ar + ion sputtering. This suggests that the carbon found on the surfaces is probably due to surface contamination. After sputtering with Ar + for 1min., the film composition showed an atomic ratio(Ba:Ti:O) of 0.9:1.1:3, which is a Ba deficient state. Fig. 5(b~d) shows the high resolution XPS spectra of Ba3d, Ti2p and O1s. The Ba3d peak of Fig. 5(b) was observed at 780.6 eV. Chen et al reported that the Ba3d5 peak in BaTiO 3 ceramics was composed of two components termed α and β, with binding energies 779.0 and 780.6 eV, respectively.
23) The phase observed in this study was the β phase, which was associated with the surface. Fig. 5(c) shows the Ti2p peaks with binding energies of 458.1 and 463.5 eV. They labeled the Ti2p 3/2 (458.1 eV) and Ti2p 1/2 (463.5 eV), respectively. The Ti2p 3/2 binding energy for BaTiO 3 was reported between 458.3 and 459.8 eV.
24) The O1s peak of Fig. 5(d) was observed as a single peak at 531.4 eV. This peak was assigned to the main peak of O atoms in the perovskite phase. Fig. 6 (a) and (b) show the change in dielectric constant and dissipation factor(tanδ) as a function of frequency for BaTiO 3 films deposited at various sputtering pressures. The dielectric constant of the films increased with increasing sputtering pressure. The films deposited at 30 to 70 mTorr showed a dielectric constant of 20~30 at 1 kHz. This is in agreement with those reported for amorphous films. 12, 16) On the other hand, the dielectric constant of the films deposited at 100 mTorr showed abnormally high value of ~80 at 1 kHz. The effects of the sputtering pressure on the dissipation factor were negligible. The films showed a dissipation factor of 0.03~0.36 at 1 kHz. In general, the microstructure of the BaTiO 3 films affects the dielectric constant and dissipation factor. In particular, the capacitance of the films increases with increasing grain size. 25) From the AFM image in Fig. 4 , it can be inferred that the high dielectric constant of the film deposited at 100 mTorr is due to the large crystallite size. Even though XRD peaks revealed that BaTiO 3 films were amorphous states, the variation of dielectric constant could be attributed to size effects of nano-crystallites.
The dielectric constant of the films deposited at 100 mTorr was 2~3 times higher than that of the amorphous BaTiO 3 films prepared using other methods 12, 16) and is 30~40 times higher than those of polymer dielectrics, such as PET and PP.
The leakage current in a high energy density capacitor should be as low as possible to optimize the storage capacity. Fig. 7(a) shows the leakage current characteristics of the BaTiO 3 films. The leakage current increased gradually with increasing sputtering pressure. The leakage current was reported to be affected by the grain size, crystallinity and surface morphology.
26) The increase in leakage current of the film with sputtering pressure was attributed to the increase in surface roughness. The film deposited at 50 mTorr showed fluctuations of the leakage current due to self healing, which is the ability to recover after instantaneous breakdown. The leakage current of the BaTiO 3 films was approximately 10
−8 A at 400 kV/cm. The polarization-electric field(P-E) properties of the BaTiO 3 films were measured up to ~100 kV/cm (Fig.  7(b) ). The films deposited at 30~70 mTorr showed almost linear responses, suggesting a field independent dielectric constant. On the other hand, the film at 100 mTorr exhibited a loop shaped curve. As indicated in Fig. 6(a) , the films deposited at 30~70 mTorr showed low polarization values due to the low dielectric constant, and the film deposited at 100 mTorr showed a higher polarization value. The BaTiO 3 film at 100 mTorr showed polarization of 8 µC/cm 2 at 100 kV/cm and remnant polarization(P r ) of 2 µC/cm 2 .
Conclusion
This study examined the effects of the sputtering pressure during sputtering on the microstructure, surface morphology, deposition rate and electrical properties of sputter deposited BaTiO 3 films. The sputtering pressure is the key deposition parameter affecting the electrical properties and stable preparation of BaTiO 3 films. Although they were prepared at room temperature, high quality BaTiO 3 films with a high dielectric constant and low leakage current could be obtained by controlling the sputtering pressure during sputtering. The BaTiO 3 films prepared at 100 mTorr showed a dielectric constant of 80 at 1 kHz and a leakage current of 10 −8 A at 400 kV/ cm. This suggests that flexible BaTiO 3 films prepared by sputtering are promising dielectrics for high energy density capacitors.
